Recent studies demonstrated that a synthetic fusion peptide of HIV-1 self-associates in phospholipid membranes and inhibits HIV-1 envelope glycoprotein-mediated 
Membrane fusion is an essential step in fundamental biological processes, such as exocytosis, fertilization, protein trafficking, membrane recycling, and enveloped virus infection. In the case of enveloped viruses, the fusion of viral and target cell membranes is mediated by envelope glycoproteins that undergo conformational changes during the fusion process (1) . The envelope glycoprotein gp160 of the HIV-1, consisting of two noncovalently associated subunits, gp120 and gp41 (2) , mediates the membrane fusion activity of the virus. The outer surface subunit, gp120, contains sites necessary for viral binding to target cells containing the CD4 receptor (3) whereas the transmembrane gp41 is responsible for the fusion process between viral and cell membranes (4) . The binding of gp120 to the CD4 receptor induces a conformational change in the glycoprotein that results in exposure of a previously hidden hydrophobic N-terminal domain of gp41 and its penetration into the target cell membrane. This hydrophobic domain, named ''fusion peptide,'' shares high homology with equivalent domains of other enveloped viruses (5) . Evidence for the role of the fusion peptide domain in mediating membrane fusion comes from mutagenesis studies in intact envelope proteins of several viruses (6) (7) (8) and also from studies on synthetic fusion peptides. These included fusion peptides derived from influenza virus (9) (10) (11) (12) , Simian immunodeficiency virus (13) , Sendai virus (14) , and HIV (15) (16) (17) . A fundamental event in the fusion process is the interaction of the fusion peptide with the target membrane. It has been shown that the ability of a particular peptide to induce membrane fusion is highly dependent on its sequence, and most mutations, even of only one amino acid, severely reduced or abolished its fusogenic activity (8, 18) . This is different from other families of membrane-binding peptides such as antibacterial peptides, pore-forming cytolytic peptides, and surfactants, which also exert their activities by direct interaction with lipid constituents of the cell membrane, whose sequences can be altered significantly without affecting their biological function. For example, many studies confirmed that an amphipathic ␣-helical structure is a sufficient criteria for a polypeptide to lyse cells and that amino acid substitutions that preserve the amphipathic structure or even slightly disrupt it do not significantly alter polypeptide activity (19) (20) (21) (22) . All D-amino acid amphipathic peptides had similar activities compared with their corresponding L-amino acid enantiomers, confirming that lysis of cell membranes does not require receptors or a stereospecific recognition between the peptide and the phospholipid head group (23) (24) (25) .
The recent release of crystallographically determined structures of fragments of the fusion protein of moloney murine leukemia virus (26) and gp41 from HIV-1 (27, 28) is helpful for formulating hypotheses concerning mechanisms of membrane fusion. Comparison with the crystal structure of the influenza HA2 subunits in a low pH-induced conformation (29) reveals common structural motifs, which provide growing support for the ''spring-loaded'' type of mechanistic models (30) (31) (32) . In this scenario, activation of the fusion protein results in release of the fusion peptide and extension of the central coiled-coil structure. The new positioning of the fusion peptides at the tip of the stalk provides for easy contact with the target cell membrane. A small group of proximal fusion proteins that simultaneously are inserted into both the viral and target membranes would constitute a potential fusion site. A concerted collapse of this protein complex, actuated by the bending-in-half of the stalks at a central hinge region, presumably would position the C-terminal transmembrane anchors and N-terminal fusion peptides on top of each other in the center, would bring the two membranes into contact, and thus would allow for formation of the fusion pore (33) . According to these proposed models, protein-lipid interactions underlie biological membrane fusion. However, it is still unknown whether a specific molecular recognition between proteins and lipids is required or whether nonspecific forces at protein-membrane interfaces are responsible. Chirality characterizes specific molecular recognition, and the natural lipids are chiral compounds found only in the L-form.
To examine whether the chirality of the fusion peptide has a role in membrane fusion, we synthesized WT, the fusion peptide of HIV-1, and WT-D, its D-amino acid enantiomer, and structurally and functionally characterized them. CD and attenuated total ref lectance-fourier transform infrared (ATR-FTIR) spectroscopy were used to determine the secondary structure and organization of the peptides in trifluoroethanol͞water and in L-␣-phosphatidyl-DL-glycerol, ␤-oleyl-␥-palmitoyl (POPG) vesicles. The peptides also were labeled with fluorescent probes to facilitate determination of their mode of interaction with membranes. We found that WT-D is indistinguishable from WT in all of the assays done but is not susceptible to enzymatic degradation. The most intriguing finding was that the two enantiomers, WT and WT-D, could coassemble in the membrane and that WT-D inhibits cell-cell fusion mediated by the HIV-1, but not the HIV-2, envelope glycoprotein. The results are discussed in light of proposed models for the mechanism of membrane fusion and the mechanism of the inhibitory effect.
MATERIALS AND METHODS
Materials. Butoxycarbonyl-amino acid phenylacetamidomethyl-resin was purchased from Applied Biosystems, and butoxycarbonyl-amino acids were obtained from Peninsula Laboratories. POPG, N-[7-nitrobenz-2-oxa-1,3-diazole-4-yl] (NBD)-fluoride, and the reagents for peptide synthesis were obtained from Sigma. N-[lissamine-rhodamine B-sulfonyl]-dioleoylphosphatidylethanolamine (Rho-PE), NBD-PE, and 5-(and 6)-carboxytetra-methyl-Rho were purchased from Molecular Probes. All other reagents were of analytical grade. Buffers were prepared by using double glass-distilled water. PBS was composed of 8 g͞l NaCl, 0.2 g͞l KCl, 0.2 g͞l KH 2 PO 4 , and 1.09 g͞l Na 2 HPO 4 (pH 7.4).
Peptide Synthesis, Fluorescent Labeling, and Purification of Peptides. The peptides were synthesized by a solid phase method on phenylacetamidomethyl-amino acid resin (0.15 milliequivalent) as described (17, 34) . Labeling of the N terminus of the peptides was achieved as described (35, 36) The synthetic peptides were purified (Ͼ95% homogenicity) by reverse-phase HPLC on a C 4 reverse phase Bio-Rad analytical column (250 ϫ 4 mm, 300-Å pore size, 5-m particle size) by using a linear gradient of 25-80% acetonitrile in 0.05% trifluoroacetic acid for 40 min. The peptides were subjected to amino acid analysis and mass spectroscopy to confirm their composition.
Preparation of Lipid Vesicles. Small unilamellar vesicles (SUV) were prepared by sonication of POPG. Large unilamellar vesicles (LUV) also were prepared from POPG and, when necessary, with 0.6% (molar ratio) of Rho-PE and NBD-PE as described (17) .
Peptide-Induced Lipid Mixing. Lipid mixing of POPG-LUV was measured by using a fluorescence probe dilution assay based on resonance energy transfer measurements (37), as described in details elsewhere (17) .
Fluorescence Video Imaging Microscopy. Fusion of HIV envelope glycoprotein-expressing cells with susceptible target cells was scored by fluorescence microscopy of cells labeled with membrane and aqueous dyes as described (17, 33, 38, 39) . We used the TF228.1.16 cell line (40) , which constitutively expresses HIV-1 envelope protein (LAI strain). Alternatively, HIV envelope proteins were expressed transiently on the surface of HeLa cells by using the recombinant vaccinia constructs vSC50, expressing the full-length envelope gene from HIV-2SBL͞ISY, or vSC60, expressing the full-length envelope gene from HIV-1BH10 envelope. The infections were done after the protocol described in Jones et al. (39) . The envelope-expressing cells were labeled with DiI, a lipophilic dye. SupT1 cells, labeled with the aqueous dye calcein, were used as targets. Different concentrations of WT or WT-D peptides were applied to the envelope-expressing cells before addition of SupT1 cells. After 2-hr coculture at 37°C͞5% CO 2 , video fluorescence images were taken. The proportion of effector cells, in contact with SupT1 cells, which had fused to SupT1 cells as indicated by being labeled with both dyes, was counted.
NBD Fluorescence Measurements. The fluorescence of an NBD-labeled peptide increases on transfer from a solution to the hydrophobic environment. NBD-labeled peptide (0.1 M) was added to 2 ml PBS, alone or containing SUV (400 M), and the fluorescence was recorded with excitation set at 467 nm (10 mm slit) and emission at 530 nm (8 mm slit). The emission spectra were recorded after the establishment of a constant fluorescence intensity. Under these conditions, most of the peptide was bound to the vesicles (17) .
Accessibility of the Peptides to Proteolytic Cleavage in the Membrane Bound State. An NBD-labeled peptide (0.1 M) was added to 2 ml of PBS solution containing SUV (400 M). The proteolytic enzyme Proteinase-K (50 g͞ml) then was added, and the fluorescence intensity was monitored at 530 nm (8 mm slit) with the excitation set at 467 nm (10 mm slit). In a control experiment, a labeled peptide was added first to the solution containing the enzyme, followed by the addition of SUV.
CD Spectroscopy. CD spectra were obtained by using a Jasco J-500A spectropolarimeter (Jasco, Easton, MD). The spectra were scanned with a quartz optical cell with a pathlength of 2 mm at room temperature at wavelengths of 250 to 195 nm. Fractional helicities (41) were calculated as follows:
where [] 222 is the experimentally observed mean residue ellipticity at 222 nm, and values for 222 0 and 222 000 , corresponding to 0 and 100% helix content at 222 nm, were estimated at Ϫ2,000 and Ϫ32,000 deg⅐cm 2 ͞dmol, respectively. ATR-FTIR Spectroscopy. Spectra were obtained with a Perkin-Elmer 1600 FTIR spectrometer coupled with an ATR device. For each spectrum, 512 scans were collected with a resolution of 4 cm
Ϫ1
. The preparation of the samples was as follows. Lipid͞peptide mixtures were prepared by dissolving them together in a 1:2 MeOH͞CH 2 CL 2 mixture. A mixture of phospholipids alone or with a peptide was deposited on a germanium prism (52 ϫ 20 ϫ 2 mm) and dried under a stream of nitrogen. The aperture angle of 45 yielded 25 internal reflections. Polarized spectra were recorded, and the respective pure phospholipid in each polarization was subtracted to yield the difference spectra to determine the amide I absorption peaks of the peptides. For each spectrum, the background was that of a clean germanium prism under the same experimental conditions. The spectra were analyzed as reported (42) . Curve fitting of the amide I band area (1,600-1,700 cm Ϫ1 ), assuming Voight line shapes for the IR peaks, was performed to determine the relative contents of the different secondary structure elements.
ATR-FTIR data analysis. The ATR electric fields of incident light were calculated as follows (43, 44, 42) : 
where is the angle of incidence between the light beam and the prism normal (45°) and n 21 is the reflective index of the germanium (taken to be 4.03) divided by the reflective index of the membrane (taken to be 1.5). Under these conditions, E x , E y , and E z are 1.40, 1.52, and 1.64, respectively. The electric field components together with the dichroic ratio [defined as the ratio between absorption of parallel (A ) and perpendicular (A Ќ ) polarized light, R ATR ϭ A ͞A Ќ ] are used to calculate the orientation order parameter, ᒃ, by the following formula:
Lipid order parameters were obtained from the lipid symmetric (2,852 cm Ϫ1 ) and asymmetric (2,924 cm
) stretching mode by using ␣ ϭ 90° (44) .
Determining the Oligomeric States of the Peptides by SDS͞PAGE. The experiments were done as described (17, 45) . The peptides were dissolved in a buffer composed of 0.065M Tris⅐HCl (pH 6.8), 2% SDS, and 10% glycerol by sonication. Fixing, staining, and destaining times were shorted to 1 min, 1 hr, and overnight, respectively, to decrease diffusion effects.
Resonance Energy Transfer Measurements. Resonance energy transfer experiments were performed by using NBDlabeled peptides serving as energy donors and Rho-labeled peptides serving as energy acceptors as described in details elsewhere (46, 17) . In separate experiments, increasing amounts of each peptide were added to a fixed amount of vesicles, and the maximal values of the fluorescence intensity, reached after the addition of the peptides, were plotted as a function of the peptide͞lipid molar ratio (Fig. 1) . The data reveal that WT and WT-D have similar potency and kinetics in inducing lipid mixing.
RESULTS
Secondary Structure of the Peptides in trif luoroethanol͞ Water. The ␣-helical content of WT in 40% trifluoroethanol͞ water was found to be 48% (Fig. 2A) . WT-D showed spectra characteristic of all D-amino acids containing ␣-helix peptides with the mirror ellipticity at 222 corresponding to 47% ␣-helical content (Fig. 2 A) similarly to other enantiomeric peptides (23, 24, 47) .
Secondary Structure of the Peptides in Lipid Multibilayers Determined by ATR-FTIR Spectroscopy. The amide I region between 1,648 and 1,660 cm Ϫ1 is characteristic of ␣-helical structure (48) . A spectrum of the amide I region for WT and WT-D bound to dry POPG multibilayers is shown in Fig. 2B . The contributions of the various secondary structure elements to the amide I peak were obtained by curve fitting by using PEAKFIT (Jandel Scientific, San Rafael, CA) and the values from ref. 48 . Two main peaks, located at 1,660 and 1,627 cm Ϫ1 , represent ␣-helix and ␤-sheet, respectively. The ␣-helical and the ␤-sheet contents of WT and WT-D peptides were calculated at two lipid͞peptide ratios. At 50:1 lipid͞peptide ratio, WT and WT-D have 18 and 19% ␣-helix and 58 and 56% ␤-sheet, respectively, whereas at 80:1 lipid͞peptide ratio, WT and WT-D have 25 and 26% ␣-helix and 46 and 50% ␤-sheet, respectively. There is an increase in ␣-helix͞␤-sheet ratio with an increase in the lipid͞peptide ratio [which causes an increase in the fraction of membrane inserted peptide (17)], as has been shown also with short versions of HIV-1 fusion peptide (49) .
Incorporation of the Peptides into Bilayers. The fluorescence emission intensity of the NBD-labeled peptides was monitored in PBS alone or in the presence of POPG-SUV. In the buffer, the peptides (0.1 M) exhibited emission spectra similar to the NBD moiety dissolved in water, with low intensity and maximum emission wavelength at 549 Ϯ 1 nm (35, 50) . However, in the presence of SUV (400 M), the fluorescence emission intensity increased Ϸ10-fold concomitant with a blue shift of the emission maxima to 520 Ϯ 1 nm (data not shown), indicating that the NBD probe of WT and WT-D is located equally within the hydrophobic environment of the membrane (35, 50, 51) .
WT but not WT-D Is Accessible to Proteolytic Cleavage in the Membrane-Bound State. The addition of Proteinase-K to a mixture containing NBD-WT and vesicles caused a decrease in the NBD fluorescence, demonstrating release of the probe from the hydrophobic environment of the vesicles (Fig. 3A) . The level of the final fluorescence intensity was equal to that obtained when the enzyme first was added to NBD-WT, causing its cleavage, and then vesicles were added (Fig. 3B) , indicating that the WT peptide is accessible to complete proteolytic cleavage in its membrane-bound state. As expected, NBD-WT-D was not accessible to enzymatic cleavage (Fig. 3C) . Table 1 . The data show that the lipid samples were well ordered and that the peptides induce similar small changes in the ordering of the acyl chains (Table  1; Oligomerization of the Peptides in SDS͞PAGE. The aggregation state of several membrane proteins was determined in SDS, a membrane mimetic environment (52, 53) . We have reported that the dominant form of WT fusion peptide in SDS͞PAGE is a monomer and a higher order oligomer, presumably a tetramer (17) . Similar results were obtained with WT-D in the present study (data not shown).
Orientation of the Lipid Multibilayers and the Effect of the

Self-Association and Coassembly of WT and WT-D in Their
Membrane-Bound State: Resonance Energy Transfer Measurements. WT peptide has been shown to self-associate in phosphatidylcholine͞phosphatidylserine vesicles (17) . In the present study, we have used POPG vesicles. When Rho-WT (final concentration of 0.025 to 0.5 M) was added to a mixture of NBD-WT (0.05 M) and POPG-SUV (400 M), dosedependent quenching of the donor's emission, consistent with energy transfer, was observed. Similar experiments were done with NBD-WT͞Rho-WT-D and NBD-WT-D͞Rho-WT-D pairs. The energy transfer was calculated and was plotted versus the acceptor͞lipid molar ratio (Fig. 4) . The acceptor peptide was added only after the donor peptide already was bound to the membrane, thus decreasing peptides' association in solution. The lipid͞peptide molar ratio in these experiments was kept high to create low surface density of donors and acceptors to reduce energy transfer between unassociated peptide monomers. To confirm that the observed energy transfer was caused by peptide association, the transfer efficiencies observed in the experiments were compared with the energy transfer expected for randomly distributed membranebound donors and acceptors (Fig. 4, dashed line) . The random distribution was calculated as described (54) The pattern of inhibition is very similar to that shown for the WT peptide (17) . Fitting the data to Equation 1 (see Discussion) yields an inhibition constant of 0.4 M. As controls for specificity of the inhibition effect, we monitored inhibition by D-WT of HIV-2 envelope glycoprotein-mediated fusion (inset of Fig. 5 ). To directly compare the effects of the peptide on HIV-1 versus HIV-2 envelope glycoprotein-induced fusion in the same system, we expressed the envelope glycoproteins in HeLa cells by using vaccinia recombinants. The inset in Fig. 5 shows no inhibition of HIV-2 envelope glycoprotein-mediated cell fusion at concentrations of up to 3 M peptide whereas HIV-1 envelope glycoprotein-mediated fusion was reduced significantly at this concentration. In fact, HIV-2 envelope glycoprotein-mediated cell fusion was enhanced at the relatively low concentration of peptide.
DISCUSSION
Our findings that D-WT coassembles with the WT fusion peptide in the membrane is intriguing and seems to be unexpected. This result indicates that peptides' chirality is not necessarily required for peptide-peptide interaction within the membrane environment. Peptide chirality was found to be crucial for peptide-protein interaction in solution in the case of the ribonuclease S-peptide͞S-protein complex (55) and HIV-1 protease͞substrate complex (56) but not for the binding of amphipathic peptides to calmodulin (47) . Furthermore, peptide chirality was not required for antimicrobial peptides binding to bacteria (23, 24) .
A second interesting observation found in this study was that the stereospecificity of the fusion peptide is not important for peptide-lipid interaction during the fusion process. To clarify the nature of the molecular interactions during the fusion process, we compared the properties of the wild type HIV-1 fusion peptides and its enantiomer WT-D by using model phospholipid systems. The natural phospholipids are all Lforms and therefore provide the biological membrane interface with stereospecificity. It has been shown that cell surfaces and phospholipid monolayers can recognize each other stereospecifically (57, 58) . If there is a specific molecular recognition between peptides and lipids during the fusion process, two peptide enantiomers should show a difference in their ability to induce fusion of vesicles consisting of one enantiomer of POPG. We found that WT and WT-D have equal potency in inducing liposome fusion (Fig. 1) . To understand the molecular basis for this activity, the peptides were labeled with fluorescent probes, and their structure and organization in membranes were investigated. As expected, the CD spectra of WT-D is the mirror image of that of WT (Fig. 2 A) . ATR-FTIR spectroscopy further demonstrates that the two enantiomers have similar secondary structures in lipid multibilayers (Fig.  2B ). Both peptides also cause similar changes in the lipid order (Table 1) . NBD blue shifts reveal that the N-termini of the two peptides equally penetrate into the hydrophobic core of the membrane. However, as expected, only the WT peptide is susceptible to enzymatic digestion in its membrane-bound state (Fig. 3) . SDS͞PAGE and resonance energy transfer revealed that both peptides self-associate to the same extent, presumably as trimers or tetrameres, as has been shown for WT peptide (17) .
The most intriguing observation in this study is the inhibition of HIV-1 envelope glycoprotein-mediated cell fusion by WT-D peptide (Fig. 5) . We have shown that WT fusion peptide is a potent inhibitor of cell-cell fusion (17) . Our data suggest that the inhibitory effect of WT-D is derived from its ability to associate with the analogous domain in the intact fusion protein and to interfere with its action, similar to the mode of action of WT (17) . This interpretation is based on the finding that WT and WT-D can coassemble in their membrane-bound state (Fig. 4) . Furthermore, we labeled HIV-1 envelope glycoprotein-expressing cells with a Rho-conjugated fusion peptide and with an f luorescein isothiocyanateconjugated anti-gp41 antibody (unpublished results). We then examined the same cells in a given field for fluorescein and Rho fluorescence by video microscopy. The micrographs indicated that the Rho fluorescence was brightest on cells with high levels of gp41 expression, as indicated by fluorescein isothiocyanate fluorescence, and that there was negligible Rho fluorescence on cells that did not express gp41. These observations indicate that the fusion peptide binds to the envelope glycoprotein and not to some putative receptor on the cell membrane. The inability of D-WT to completely inhibit cellcell fusion may be the result of the balance between enhancing membrane fusion by promoting lipid curvature (because D-WT can induce liposome fusion by itself; see Fig. 1 ) and inhibiting membrane fusion by the binding of the D-WT to the fusion peptide domain of the envelope protein. The notion that the peptide enhances membrane fusion by inducing lipid curvature is supported by our data with HIV-2 envelope glycoprotein (inset of Fig. 5) .
We have developed a model for inhibition of fusion pore formation by peptide inhibitors resulting in the following equation ( to the fusion pore. Peptides derived from the leucine zipper and membrane-proximal C-terminal domains of gp41 did not affect membrane curvature, and the inhibition of cell fusion was complete (33) . However, to account for membrane curvature-inducing properties of the peptides derived from the N-terminal sequence of gp41, we hypothesize that the efficiency, , is enhanced linearly as a function of peptide concentration, according to ϭ 0 ϩ ͓I͔.
[2]
Incorporating this modification into Equation 1 results in the fit to the data shown in Fig. 5 .
Future design of such anti-HIV agents involves peptides that are inhibitory by virtue of their molecular recognition of cognate sequences in gp41 but that are not membrane active. Our detailed knowledge concerning the properties of lipids involved in fusion and the properties of proteins that mediate the fusion as well as the interactions between the two will aid in the design of inhibitory peptides. The potent inhibitory effect of WT-D together with the fact that it is protected totally from enzymatic digestion suggests that it and its derivatives may form a basis for the development of new proteaseresistant anti-AIDS drugs.
